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ABSTRACT 

We present the results of the 16-cm-waveband continuum observations of four host galaxies of 
gamma-ray bursts (GRBs) 990705, 021211, 041006, and 051022 using the Australia Telescope Compact 
Array. Radio emission was not detected in any of the host galaxies. The 2a upper limits on star- 
formation rates derived from the radio observations of the host galaxies are 23, 45, 27, and 26 Mq yr _1 , 
respectively, which are less than about 10 times those derived from UV/optical observations, suggesting 
that they have no significant dust-obscured star formation. GRBs 021211 and 051022 are known as 
the so-called "dark GRBs" and our results imply that dark GRBs do not always occur in galaxies 
enshrouded by dust. Because large dust extinction was not observed in the afterglow of GRB 021211, 
our result suggests the possibility that the cause of the dark GRB is the intrinsic faintness of the optical 
afterglow. On the other hand, by considering the high column density observed in the afterglow of 
GRB 051022, the likely cause of the dark GRB is the dust extinction in the line of sight of the GRB. 

Subject headings: cosmology: observations — galaxies: high-redshift — galaxies: ISM — gamma-ray 
burst: individual (GRB 990705, GRB 021211, GRB 041006, GRB 051022) — radio 
continuum: galaxies 



1. INTRODUCTION 

One of the key issues in astronomy is to understand 
when and how stars were formed in the history of 
the universe. The cosmic star-formation history has 
been explored from local to high-reds hift universe (e.g., 
iMadau et ail 119961: ILTllv et all 11996ft . Long-duration 
gamma-ray bursts (GRBs) are thought to be powerful 
indicators of star-forma tion activity in the distant uni- 
verse (e.g.. lTotanilll997f) because (1) they are detectable 
even at z > 8 (|Tanvir et al.ll2009l: iSalvaterra et alll2009ft 
and (2) they are considered to occur as a result o f the 
deaths of massive stars (e.g., iStanek et all I2003D and 
are closely associated with star formation in host galax- 
ies. Host galaxies of GRBs have been studied mainly 
by UV, optical, and near-infrared (NIR) observations. 
The majority of GRB host galaxies are bl ue, sublumi- 
nous , low-mass star-formin g galaxies fe.g.. iFvnbo et ail 
120031: iFruchter et all [2006) with star-formation rates 
(SFRs) of ~0.1-10 M y yr" 1 (e.g.. ISavaelio et all 12001 
iSvensson et al.|[201~0h . On the other hand, massive star- 
forming host galaxies have also been disco vered (e.g., 
lHashimoto et al.ll2010t ISvensson" eTa!ll20Tl . Observa- 
tions at the mid-IR, submillimeter, and radio ranges 
show that some GRB host galaxies have a large amount 
of st a r formation obs c ured by dust (e.g., iBerger et all 
120031: lie Floc'h et all 12006ft . It is found that star- 
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formation activity at z > 1 is dominated by IR-luminous 
dusty galaxies (e.g. JLe Floc'h et"aLl l2005: Tak euchi et all 
12005ft . If GRBs trace star- forming ac tivity, they could 
occur in dust-obscured regions (e.g., iDjorgovski et all 
l200l . 

Dust extinction is a possible ca use of mysterious 
events of so-called "dark GRBs" (e.g- lFynbo eTal1l200TI: 
iPerlev et all [20091. Dark GRBs, which are defined by 
the faintness of the optical afterg low compared with tha t 
expected from X-ray afterglow (Jakobss on et all 12 0041 
make up about 25 -40% of GRBs l|Fvnbo et alj 1200a 
IGreiner et al.l [20TlT ) . The possible explanations for this 
are that (1) optical afterglows are obscured by dust 
within host galaxies distributed globally or in the vicinity 
of GRBs; (2) optical afterglow is intrinsically faint owing 
to low-luminous GRB events, fast-declining afterglows, 
or the low-density of the ambient medium; and (3) GRBs 
are at high redshift and the optical afterglows are ab- 
sorbed by intervening neutral hydrogen. Detailed stud- 
ies on GRB host galaxies have been mostly conducted 
by using UV/optical observations, which are biased to- 
ward less dusty galaxies. Recent extensive follow-up 
campaigns of GRBs and their host galaxies suggest that 
a lar ge fraction of GRBs occur in dusty en vironments 
(e.g. . (Perlevet ail 120091 IGreiner et all 12011ft . In order 
to obtain a clear understanding of GRB host galaxies, it 
is essential to study them using methods that are unaf- 
fected by dust extinction. Radio observations are effec- 
tive measures for examining star-forming activity with- 
out the effect of dust obscuration. So far, only a small 
fraction of GRB host galaxies have been observed at ra- 
dio w avelength (e.g., IBerger et all 120031 iStanwav et all 
12010ft . 

In this paper, we report 16-cm (2-GHz) waveband con- 
tinuum observations for four GRB host galaxies. These 
results were obtained by using the Australia Telescope 
Compact Array (ATCA). Section [5] describes the target 
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GRB host galaxies. Section [3] outlines the observations, 
data reduction, and results. In Section |H the constraints 
on SFRs are derived and obscured star formation in the 
GRB host galaxies is discussed as well as the cause of 
dark GRBs. In Section [5( a summary of the findings is 
presented. Throughout the paper, we adopt a cosmology 
with H = 70 km s" 1 Mpc" 1 , fl M = 0.3, and Q A = 0.7. 

2. TARGETS 

We observed the host galaxies of GRBs 990705, 021211, 
041006, and 051022. In order to obtain tight constraints 
on the obscured star formation, we selected the targets 
at z < 1 with SFRs well derived from UV/optical obser- 
vations. The UV/optical SFRs, as hereafter stated, are 
corrected for dust extinction. 

The GRB 99 0705 host galaxy is a star-forming galaxy 
at z = 0.8424 (jLe Floc'h et al.l [2002h . T he SFR derived 
from UV luminosity is SFR(UV) ~5-8 (|Le Floc'h et al.l 
12001 and 3.31 M yr" 1 (jSvensson et "all \2l)Wi ). 
The SFR bas ed on the [On] lin e is SFR([On]) = 
6.96 M Q yr" 1 (|Savaglio et al.ll2009fl . T he galaxy is de- 
tecte d with Spitzer at 4.5 and 24 /zm (|Le Floc'h et al.1 
2006). The IR luminosity inferred from the 24-/xm 
detection is 1.8l ; 6 x 10 11 L Q , classifying the galaxy 
as a luminous IR galaxy (LIRG). The SFR derived 
from the IR luminosity is SFR(IR) = 
iCastro Ceron et al.l ((20061) derived 



TABLE 1 

Results of the ATCA 16 cm Observations 



32±fl 
a SFR 



M Q yr" 1 
of 4.5- 



173 M© yr -1 based on the optical-radio spectral energy 
distribution (SED) that included the Spitzer photometry. 
The SFR derived from the IR observations is higher than 
the extinction-corrected SFR derived from UV/optical 
observations shown above, suggesting the existence of 
dust-obscured star formati on, which cannot be traced at 
UV/optical wavelengths. iBerger et al.l (|2003| ) failed to 
detect significant radio continuum emission at 1.39 GHz 
(Si. 39 GHz = 52 ± 32 fiJy, which corresponds to a SFR = 

190 ± 165 M yr" 1 ). 

GRB 021211 at z = 1.006 (jVreeswiik et al.l 120031) is 
classified as a dark GRB owing to its faintness of opti- 
cal af te rglow dFox et al.ll2003l: iLi et al.ll2003l : iCrew et all 
I2003D . iDella Valle et all (|2003() found supernova signa- 
tures in the spectrum of the optical after glow. The UV- 



(Savaglio et al.l 



deriv ed SFR is SFR(UV) = 3.01 M Q yr 
120091) and 6.95 M & yr" 1 (ISvensson et al.ll20l0h 

The GRB 041 006 associated with a supernova occurred 
at z = 0.716 (iFueazza et al.l [200l iStanek et all [20051 : 
iSoderberg et al.l |2006|). The S FRs of the host gala xy is 
SFRQOll]) = 0.34 M Q yr" 1 (|Savaglio et al.ll2009l) and 



SFR(UV) = 1.17 M Q yr" 1 (ISvensson et al.l[2010h . 

GRB 051022 is another dark GRB whose optical/NIR 
afterglow was undetected. Millimeter and radio in- 
terferometer observations detected the afterglow and 
pinpoi nted the position of the host galaxy at z = 
0.807 (|Castro-Tirado et all [20071 iRol et al.|[200l . The 
host galaxy is a luminous blue compact star-forming 
galaxy wit h a rest-frame .B-band ma gnitude of Mb = 
-21.8 mag (|Castro-Tirado et al.ll2007D . The optical/NIR 
afterglow was not detected despite a bright X-ray after- 
glow and a high absorption column density. The X-ray 
spectrum of the afterglow shows a stron g absorption cor- 
responding to N-g = 3-9 x 10 22 cm -2 ((Nakagawa et al.l 
120061: iCastro-Tirado et al.ll2007h . The galaxy shows ac- 
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tive star formation with SFR( [0 11] ) 
(ISavaglio et al.ll200l and SFR(UV) 



Svensson et al 



2010). 



34.64 M Q yr 
23.85 Mq yr 



3. OBSERVATIONS AND RESULTS 

The ATCA observations were conducted on September 
14 and 15, 2011 using 6 antennas in the 6B array con- 
figuration (baseline lengths of 214-5969 m). The Com- 
pact Array Broadband Backend (CABB) was used in the 
CFB lM-0.5k mode with 2048 x 1-MHz channels centered 
at 2100 MHz (16-cm band). PKS 1934-638 was ob- 
served at the beginning of the observations as a flux and 
bandpass calibrator. PKS 0252-712, PKS 0741-063, 
PKS 0106+013, and PKS 0019-000 were observed as 
phase calibrators for the host galaxies of GRBs 990705, 
021211, 041006, and 051022, respectively. To fill in the 
uv plane as much as possible, we performed cyclic ob- 
servations of the targets with a short integration time 
(15-30 minutes). 

Data reduction a nd imaging were c arried out using the 
MIRIAD package (|Sault et al.l 119951) . The 16-cm band 
is severely affected by radio frequency interference, and 
hence, we carefully flagged the data. Because the CABB 
data cover a large fractional bandwidth at the 16-cm 
band, the calibrations were performed by using a multi- 
frequency strategy to account for the amplitude depen- 
dence on frequency. The calibrated data were imaged 
with using multi-frequency synthesis. Uniform weight- 
ing was adopted to minimise the sidelobe levels. The 
image was deconvolved with the task MFCLEAN. 

We did not detect radio emission from any of the 
host galaxies. The rms noise levels are 8.7, 11, 15, 
11 /iJy beam" 1 for GRBs 90705, 021211, 041006, and 
051022, respectively, which are measured at an area near 
the central position without any source or significant 
sidelobes. In the following section, we discuss the con- 
straints using the 2a upper limits. 

4. DISCUSSION 

4.1. Constraints on Star- Formation Rate 

We derive the 2a upper limits on the SFRs of the host 
galaxies using the rms noise levels. We use the relation 
between r adio flux and the SF R for starburst galaxies 
derived bv lYun fc Carillil ((2002) as follows: 



SKbs) = |25W - Q + o.7i^ 01 

Z,3 h _ g-K/ZOOO)' 3 

+1.3 x 10- f 



3 0.048i/ /T d _ I 



(1 + z)SFR 



(1) 



Obscured Star Formation in GRB Host Galaxies 



3 



where S(f bs) is the observed flux density in Jy, i/q is the 
rest frequency in GHz, / nt h is a scaling factor, a is the 
synchrotron spectral index, /3 is the dust emissivity, 
is the dust temperature in K, Dl is the luminosity dis- 
tance in Mpc, and SFR is in Mq yr^ 1 . The 1st, 2nd, and 
3rd term on the right-hand side represent the contribu- 
tion of non-thermal synchrotron emission, free-free emis- 
sion, and thermal dust emission, respectively. We adopt 
a = 0.6, f3 = 1.35, = 58 K, and / nt h = 1, which are 
select ed for IR-selected starburst galaxies (|Yun fc Carillil 
2002) and wer e used in pre vious radio studies on GRB 
host galaxies (jBerger et al.l 120031 : IStanwav et al.ll2010D . 
The 1st non-thermal term dominates the flux density at 
the observed frequency of 2.1 GHz. The 2a upper limits 
on SFRs derived using the equation (1) are 23, 45, 27, 
and 26 M Q yr" 1 for the host galaxies of GRBs 990705, 
021211, 041006, and 051022, respectively (Table 1). The 
upper limits on SFRs are less than about 10 times the 
UV/optical SFRs (Section [2]), suggesting no significant 
dust-obscured star formation, which is undetectable at 
UV/optical wavelengths. Although the Spitzer observa- 
tions indicate that the GRB 990705 host galaxy ha s ob- 
scured star- forming activity (|Le Floc'h et al.ll2006f ). our 
2a upper limit on SFR is consistent with the SFRs de- 
rived from the IR observations after considering their 
uncertainties. 

In Figure [TJ we compare the SFRs of the GRB host 
galaxies derived from the radio observations with those 
derived from the UV/optical observations. The data are 
taken from our results and literature. To check whether 
there is a difference in obscured star formation between 
dark and non-dark GRB host galaxies, we differenti- 
ate the dark GRBs (solid symbols) from the non-dark 
GRBs (open symbols). The plot shows, that in most 
cases, the GRB host galaxies do not have a large amount 
of obscured star formation irrespective of whether they 
are dark or not. This indicates that the dark GRB 
host gala xies are not always d usty star-forming galax- 
ies (e.g.. iLe Floc'h et al.l l2006h . Recent deep, system- 
atic follow-up observations of GRBs at the optical/NIR 
region suggest that a significant frac tion of GRBs take 
place in dust-obscu red regions (e.g.. iPerlev et al.l [20091: 
IGreiner et al.ll201lT ). It is possible that the sample selec- 
tion could affect the properties of the GRB host galax- 
ies. We collect the host galaxies studied with UV/optical 
wavelengths, which are biased against dusty galaxies. 
The sample size studied here is still small and more ob- 
servations with extinction-free methods are needed. An- 
other possible reason is that the GRB host galaxies stud- 
ied here are all at z < 1, where low-luminosity galaxies 
acc ount for the large pro portion of star-forming activ- 
ity ([Le Floc'h et al.l 120051 ). Recent IR observations un- 
covered that star formation at z > 1 is dominated by 
IR-luminous dusty g alaxies (e.g.. ILe Floc'h et al.l 120051 : 
iTakeuchi et al.ll2005D and the fraction of dusty GRB host 
galaxies might increase at higher-redshift. 

4.2. Cause of Dark GRBs 

There is a debate regarding the cause of dark GRBs. 
The possible explanations are that they are (1) obscured 
by dust in host galaxies, (2) intrinsically faint, and (3) at 
high redshifts. We do not need to consider the possibility 
of high-redshift GRBs for our sample because they are 
at z < 1. Given the null results of our deep radio obser- 
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Fig. 1. — Comparison between SFRs derived from radio obser- 
vations and extinction-corrected SFRs derived from UV/optical 
observations. We plot the results of th is work and previ- 
ous works: Radio d ata a re obtained from [Bergcr et al. (2003) 
and IStanwavetjilJ (2010^ and UV/optical da t a are obtained 
from Gorosabcl ct al. (2003); Savaglio et al. (2009); Svcnsson et al. 
(2010); Levcsquc ct al (2010a b). Host galaxies of this work are en- 
circled. Filled and open symbols denote dark and non-dark GRBs, 
respectively. Diagonal solid and dotted lines indicate the radio 
SFRs equal to and 10 times the UV/optical SFRs, respectively. 
Horizontal dashed lines represent the GRB host galaxies with dif- 
ferent UV/optical SFRs in literature. 

vations, it is not likely that the dark GRB host galaxies 
in our sample are globally obscured by dust. 

The optical afterglow spectrum of GRB 021211 shows 
that th e extinction in the li ne of sight of the GRB is neg- 
ligible ([Holland et al.ll2004[ ). The observed optical after- 
glow of GRB 021211 is thought to be i ntrinsically faint 
owing to the fast fading aftergl ow fe.g.. iFox et al.ll2003t 
iCrew et aLll2003l : iLi et al.ll2003D ; our results support this 
scenario. 

Our results suggest that the host galaxy of 
GRB 051022 is not likely a dusty star-forming galaxy. 
The X-ray afterglow spectrum sugge sts a high col- 
umn density of neutral hydr og en (INakagawa et al 



[2001 ICastro-Tirado et all [2001 . iCastro-Tirado et al 



(2007) state that the extinction in the host galaxy of 
GRB 051022 (Ay = 1.0) derived from its SED cannot 
account for the afterglow properties, assuming a Galac- 
tic dust-to-gas ratio. A possible explanation for the cause 
of dark GRB 051022 is that the burst occurred inside a 
giant mol ecular cloud, where a high column densit y is 
expected (|Castro-Tirado et al.ll2007t iRol et al.ll2007D . In 
some GRB afterglows, the absorption features of H2 and 
CO molecules along the line of sight of GRBs have ac- 
tually been observed at the same redshifts of the GRBs 
(IFvnbo et alj|2006at iProchaska et alll2009l: ISheffer et al.l 
2009). Measuring the amount of molecular gas in the 
GRB host galaxies is imp ortant, but, so far, CO emission 
has not been detected dKohno et al.l 120051 : lEndo et all 
120071: IHatsukade et al.l 120071 1201 ID Future deep and 
high-resolution observations of molecular gas will be re- 
quired to understand the environments of GRB origins. 

5. SUMMARY 

We performed 16-cm continuum observations of the 
host galaxies of GRBs 990705, 021211, 041006, and 
051022 using the ATCA. GRBs 021211 and 051022 are 
known as dark GRBs. We failed to detect radio emis- 
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sion in any of the host galaxies. The 2<r upper limits on 
the SFRs of the host galaxies of GRBs 990705, 021211, 
041006, and 051022 derived from the radio observations 
are 23, 45, 27, and 26 Mq yr _1 , respectively. The upper 
limits on SFRs are less than about 10 times those de- 
rived from the UV/optical observations, suggesting that 
they have no significant dust-obscured star formation, 
which cannot be traced at UV/optical wavelengths. This 
indicates that dark GRBs do not necessarily occur in 
galaxies enshrouded by dust. The afterglow spectrum 
of GRB 021211 shows that the dust extinction in the 
line of sight to the GRB is negligible, and our results 
suggests the possibility that GRB 021211 is intrinsically 
faint. Given the high column density observed in the af- 
terglow spectrum of GRB 051022, the likely explanation 
for the dark GRB is dust extinction in the line of sight 



of the GRB. 
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